ABSTRACT Al 0.2 In 0.8 Sb/InAs 0.4 Sb 0.6 heterostructures have been successfully grown on GaAs substrate by molecular beam epitaxy (MBE). The influence of three different metamorphic buffer layers on the transport properties and crystal quality of the samples has been investigated, which shows the highest electron mobility of 28000 cm 2 /V·s and the two-dimensional electron gas (2DEG) concentration of 9.29×10 11 cm −2 at 300 K are obtained in the sample with a Al 0.2 In 0.8 Sb metamorphic buffer layer. This result is attributed to a decrease in both dislocations and interface roughness scattering for sample A3 with an Al 0.2 In 0.8 Sb metamorphic buffer layer. Meanwhile, a series of samples were grown in order to systematically study the effects of channel layer width, spacer layer width, and Si δ-doping density on the transport properties in the Al 0.2 In 0.8 Sb/InAs 0.4 Sb 0.6 modulation-doped heterostructures. The scattering mechanisms of interface roughness scattering, dislocations scattering, polar optical phonon scattering, remote impurity scattering, alloy scattering, and inter-subband scattering have been discussed to examine their effect on electron mobility and the 2DEG concentration. The results show that the highest electron mobility of 26500 cm 2 /V·s and the 2DEG concentration of 1.15×10 12 cm −2 at 300 K can be achieved in the Al 0.2 In 0.8 Sb/InAs 0.4 Sb 0.6 modulation-doped heterostructures with a 30-nm channel, a 6-nm spacer layer width, and a 9.0×10 −18 cm −3 Si δ-doped layer. 
I. INTRODUCTION
InAs material has attracted wide attention due to the unique band structure and excellent microelectronic properties of the InAs/AlSb heterostructures [1] . To pursue higher working speed and lower power consumption, the highest electron mobility in all III-V binary compounds of InSb has generated considerable interest for fabrication of high-speed devices [2] . At present, the epitaxy materials of these high-speed devices have to be grown on semi-insulating substrates for device isolation and high-frequency performance, however, there is no semi-insulating InSb substrates, which would have been ideal for lattice matching to InSb. Therefore, semi-insulating GaAs or InP substrates are generally chosen
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to grow high mobility materials; InP substrates are fragile and costly, thus GaAs substrates are the most common choice. Unfortunately, due to the large lattice mismatch (14.6%) between InSb and GaAs substrate, growth of high-quality InSb is very challenging. To minimize the problem of lattice strain and improve mobility, InAsSb ternary alloy is anticipated to be a substitution of InSb and InAs. Therefore, InAsSb material is expected to become a strong competitor as a channel material in the next generation of HEMT [3] - [6] .
A lot of theoretical studies and simulations of the InAsSb based heterostructures has been done by many groups to optimize structural parameters and enhance the 2DEG concentration and electron mobility in the devices [7] - [9] . The electron effective mass and band gap of InAsSb are lower than InAs. Especially when the Sb component is 60%, InAsSb has the lowest electronic effective mass of III-V compound semiconductors, even lower than InSb, thus Al 0.2 In 0.8 Sb/ InAs 0.4 Sb 0.6 have very high electron mobility and saturated electron drift velocity. Based on theoretical studies of transport properties in InAsSb-based quantum well heterostructures, Zeng et al. [9] propose a material design for InAsSb quantum well with AlInSb barrier. For theoretical calculation, it is suggested that electron mobility as high as 35000 cm 2 /V·s could be achieved in the Al 0.2 In 0.8 Sb/InAs 0.4 Sb 0.6 heterostructures. However, the current experimental results are far lower than the simulation results due to interface mismatch and other problems in the growth process. Therefore, the experimental research on Al 0.2 In 0.8 Sb/ InAs 0.4 Sb 0.6 heterostructures is of great significance for the application of this structure in high-speed devices.
In this paper, the transport characteristics of InAs 0.4 Sb 0.6 under different structure and growth parameters has been discussed, including metamorphic buffer layer, channel width, spacer width, doping concentration, etc. The evidence of superior transport properties of Al 0.2 In 0.8 Sb/ InAs 0.4 Sb 0.6 heterostructures for HEMT applications are obtained.
II. EXPERIMENTS
All samples were grown on semi-insulating GaAs (001) substrate using GEN-II solid-source MBE system. After the oxide desorption process, a 100 nm GaAs buffer layer and a 100 nm GaSb buffer layer were subsequently deposited in order to smooth out the surface. Then three different 1.5 µm metamorphic buffer layers were used to study the transport properties of InAs 0.4 Sb 0.6 heterostructures. For sample A1, a 1.5 µm AlSb layer was directly deposited onto the GaSb buffer layer and it acts as a bottom barrier layer and buffer, as shown in Figure 1 (a). For sample A2, a 1.45 µm AlSb layer was grown on the GaSb buffer and acts as a buffer layer, then a 50 nm Al 0.2 In 0.8 Sb layer was grown on top of AlSb acting as a bottom barrier layer, as shown in Figure 1(b) . For sample A3, a 1.5 µm Al 0.2 In 0.8 Sb layer was directly deposited on the GaSb buffer acting as both bottom barrier layer and buffer, as shown in Figure 1(c) . Then the channel, upper barrier layer and cap layer were deposited at 420 • C on top, details given in Figure 1 . The As/In ratio and the Sb/In ratio of InAs 0.4 Sb 0.6 was kept at 3 and 6, respectively.
A series of samples were grown in order to systematically study the effects of channel layer width, spacer layer width, and δ-doping density on the transport properties and crystal quality in the Al 0. severely limited the developments. Thus, the AlSb and Al 0.2 In 0.8 Sb were used metamorphic buffer layer to reduce the mismatch between InAsSb and GaAs substrates. To investigate the threading dislocations directly, the crosssectional STEM micrographs of sample A1 and sample A3 are shown in Figure 5 (a) and (b), respectively. It can be seen from Figure 5 (a) and (b) that the white lines are the threading dislocation lines [10] . High density of threading dislocations in the sample A1 are generated at GaAs/GaSb/AlSb interfaces due to the large lattice mismatch. However, the Al 0. Mobility is a crucial transport parameter used to evaluate the quality of InAs 0.4 Sb 0.6 based heterostructures and to characterize the overall performance of high-speed devices. The electrical characterization of the various structures was examined by determining the Hall properties, as shown in Table 1 . Hall measurements were performed on 1 cm×1 cm pieces at 300 K to obtain the electron mobility. The electron mobilities at 300K of sample A1, sample A2 and sample A3 are 7900 cm 2 /V·s, 3700 cm 2 /V·s and 28000 cm 2 /V·s, respectively. Such a large difference in electron mobility is due to different scattering mechanisms. The major scattering mechanism in the InAs 0.4 Sb 0.6 based heterostructures at 300 K are interface roughness scattering, polar optical phonon scattering, ionized impurity scattering, as well as acoustic phonon scattering and alloy scattering to a lesser extent [11] . Their relative contributions depending on temperature and structure parameters. Consequently, the relative importance of these types of scattering mechanisms may change accordingly. For example, the ionized impurity scattering includes remote ionized impurity scattering, background impurity scattering and dislocation scattering. For the different unintentionally doped InAs 0.4 Sb 0.6 based heterostructures, the dislocation scattering plays a main role, while the remote ionized impurity scattering and background impurity scattering can be neglected [12] . Therefore, the electron mobility of sample A1, sample A2 and sample A3 at 300 K is determined by a combination of polar optical phonon scattering, interface roughness scattering and dislocation scattering. The component mobility of polar optical phonon scattering is proportional to the dielectric constant of material [7] . For samples with the same InAsSb channel layer, polar optical phonon scattering is comparable therefore its contribution to the differences between the samples is much less than the other influences from dislocation scattering and interface roughness scattering. Corresponding to the analysis in Figure 5 , the high density of threading dislocations and poor interface flatness can be clear seen in sample A1 due to the large lattice mismatch between AlSb and InAs 0.4 Sb 0.6 . A previous report by Egan et al. [13] shows that electron mobility is significantly affected by a high density of dislocations (10 9 cm −2 )in InAsSb based heterostructures; it also stated that record mobility can be reached by reducing the dislocation density to approximately 10 8 cm −2 . Thus, the dislocation scattering and interface roughness scattering are the dominant mechanisms, which lead to a lower electron mobility in sample A1. In sample A2, the interface roughness scattering and dislocation scattering also affect the electron mobility in quantum wells due to the 4.25% lattice mismatch between AlSb and Al 0.2 In 0.8 Sb. Sample A3 has the highest mobility of 28000 cm 2 /V·s due to the lower density of threading dislocations and flat interface. While alloy scattering is present in the Al 0.2 In 0.8 Sb/InAs 0.4 Sb 0.6 structure, this effect does not offset the increase of mobility because of the tendency of high quality InAs 0.4 Sb 0.6 channel layer towards narrower band gap and smaller effective mass [14] . Figure 6 shows the electron mobility and 2DEG concentration dependence on channel width at 300 K. It can be observed that the electron mobility of samples increases quickly from 18500 cm 2 /Vs to 28000 cm 2 /Vs with the increase of the channel width from 15 nm to 30 nm. A similar situation was studied by Zeng et al. in InAs layer [15] . The interface roughness scattering is the main factor limiting the mobility in InAs 0.4 Sb 0.6 channels thinner than 30 nm. Interface roughness which is exclusive in heterostructure systems originates from variation in the interfaces of the quantum well, this leads to spatial fluctuations and perturbation of electron confinement energy. This fluctuation and perturbation could generate local potential for electron scattering and is more significant in narrow quantum wells [11] . Additionally, a strong dependence on the channel width for this effect has been observed [16] . When the InAs 0.4 Sb 0.6 channel width is 30 nm, the mobility reaches the maximum of 28000 cm 2 /Vs. This phenomenon suggests that as the distribution of electrons gets farther away from the interfaces, electron confinement is improved [17] , thereby weakening the interaction between electron wave function and scattering potential from interface roughness. When the channel width is larger than 30 nm, the electron mobility decreases slowly from 28000 cm 2 /Vs to 26500 cm 2 /Vs. It suggests that the interface roughness scattering decreases as the InAs 0.4 Sb 0.6 channel width increases, but the stress in the InAs 0.4 Sb 0.6 quantum well layer will be released in the form of threading dislocation. The electron mobility is dominated by dislocation scattering, polar optical phonon scattering and ionized impurity scattering [11] . Therefore, the electron mobility is no longer rising. For 2DEG concentration, a similar situation was studied by Chanh Nguyen et al. in the unintentionally doped InAs/AlSb quantum wells [12] . It can be seen from Figure 6 that large numbers of electrons as high as 6.99×10 11 The ω-2θ scan of symmetric (004) XRD spectra for all samples are shown in Figure 7 . Only three peaks can be seen in the Figure 7 , which correspond to GaAs substrate, GaSb buffer layer and Al 0. Figure 8 shows the electron mobility and 2DEG concentration dependence on spacer width at 300 K. As the thickness of Al 0.2 In 0.8 Sb spacer layer decreases from 10 to 5 nm, there are two competing processes which will affect the electron mobility. On the one hand, in the case for decreasing the spacer width from 10 nm to 6 nm, more electrons transfer into the quantum well resulting in improved 2DEG concentrations from 1.09×10 12 cm −2 to 1.15×10 12 cm −2 . The remote ionized impurity scattering will be effectively screened by 2DEG concentration in quantum wells, leading to the electron mobility increasing from 23800 cm 2 /V·s to 26500 cm 2 /V·s. On the other hand, in the case for decreasing the spacer width from 6 nm to 5 nm, the distance between ionized impurities and quantum wells decreases, the remote ionized impurity scattering increases and the electron mobility decreases accordingly. As shown in Figure 9 , when the remote doping concentration is less than 9.0×10 −18 cm −3 , the electron mobility increases to 26500 cm 2 /V·s with the increase of doping concentration. In this range, only the first subband is occupied by electrons, 2DEG concentration correspondingly enhances the screened effect on scattering, and the electron mobility shows an upward trend. To further increase the remote doping concentrations to 1.45×10 −19 cm −3 , the second subband energy has dropped below the Fermi energy level and enough electrons have occupied it. At which point inter-subband scattering turns on and an abrupt lowering to 21500 cm 2 /V·s in the electron mobility is observed [18] . In addition, at 300K, optical phonon scattering has a more significant effect on electrons at high energy levels [19] . Moreover, with the increase of remote doping concentrations, the subband energy levels goes deep into the bottom of the quantum well and the electron wave function is closer to the interface [20] , [21] . Therefore, the sharp decrease of electron mobility can be partly explained by enhanced interface roughness scattering and optical phonon scattering.
IV. CONCLUSION
In conclusion, the influence of three different metamorphic buffer layers on the transport properties and crystal quality of the Al 0.2 In 0.8 Sb/InAs 0.4 Sb 0.6 heterostructures has been investigated, which shows the highest electron mobility due to a decrease in both dislocations and interface roughness scattering. The variation in the channel width, spacer layer width and δ-doping density have significant effect on the 2DEG concentration and electron mobility, a 30 nm channel, a 6 nm spacer layer width and a 9.0×10 −18 cm −3 Si δ-doped layer is the optimized parameters for the Al 0.2 In 0.8 Sb/InAs 0.4 Sb 0.6 modulation-doped heterostructures. Room temperature electron mobility of 26500 cm 2 /V·s and 2DEG concentration of 1.15×10 12 cm −2 have been achieved in the optimized sample. This is comparable with previous attempts to grow the InAs 0.2 Sb 0.8 channel layer using a digital alloy procedure [22] . The scattering mechanisms of interface roughness scattering, dislocations scattering, polar optical phonon scattering, remote impurity scattering, alloy scattering and inter-subband scattering have been discussed to examine their effect on electron mobility and 2DEG concentration. YUMING ZHANG received the M.S. degree from Xidian university, Xi'an, China, in 1992, and the Ph.D. degree from Xi'an Jiaotong University, Xi'an, in 1998. Since 2001, he has been a Professor with the Microelectronics Institute, Xidian University. His research interests include the design, modeling, fabrication, and electrical characterization of SiC electronic devices for high-temperature and high-power operation.
